In this study, four pairs of compound heterozygous mutations in the CRB1 gene were identified in four Chinese families presenting with RP and LCA. Among these mutations, three are first reported in this study. We discuss the clinical variability of patients harboring CRB1 mutations.
METHODS

Patients:
One Chinese family (family 1) of Han ethnicity with arRP was identified at the Beijing Tongren Eye Center. Family 1 has three affected individuals in the same generation; 11 individuals, including three affected and eight unaffected, participated in the study ( Figure 1A ). Medical and ophthalmic histories were obtained, and ophthalmological examinations were performed. Sixty-seven patients who presented with sporadic RP (45 cases), LCA (18 cases), and PPCRA (four cases) at the Department of Ophthalmology, Peking University Third Hospital were recruited for CRB1 gene mutation screening. One hundred general healthy individuals from the Chinese Han ethnic population were recruited to serve as controls. All procedures used in this study conformed to the tenets of the Declaration of Helsinki. All experiments involving DNA of the patients and their relatives were approved by Peking University Third Hospital Medical Ethics Committee. Informed consent was obtained from all participants.
Mutation screening: Genomic DNA was prepared from venous leukocytes with standard protocols (D2492 Blood DNA Maxi Kit, Omega Bio-Tek, Norcross, GA). Highthroughput DNA sequencing was applied for the mutation screening of family 1. Briefly, a specific hereditary eye disease enrichment panel (HEDEP) based on targeted exome capture technology was used to collect the protein-coding regions of the targeted genes (designed by MyGenostics, Baltimore, MD). This HEDEP captured 371 hereditary eye disease genes, which covered 35 arRP associated genes (ABCA4, BEST1, C2orf71, C8ORF37, CERKL, CLRN1,
CNGA1, CNGB1, CRB1, DHDDS, EYS, FAM161A, IDH3B, IMPG2, LRAT, MAK, MERTK, NR2E3, NRL, PDE6A, PDE6B, PDE6G, PRCD, PROM1, RGR, RHO, RLBP1, RP1, RPE65, SAG, SPATA7, TTC8, TULP1, USH2A, ZNF513).
Fifty μg of genomic DNA from the proband (II:1) and his parents (I:1 and I:2) were used for targeted exome capture. The exon-enriched DNA libraries were then prepared for high throughput sequencing with the Illumina HiSeq 2000 (Illumina, San Diego, CA) platform. The obtained mean exome coverage was more than 98%, with variants accuracy at more than 99%. The changes were filtered against exome data from ethnic Han Chinese Beijing available in the 1000 Genomes Project, and against the Han Chinese Beijing SNPs in the dbSNP131. We analyzed only the mutations that occurred in 35 genes related to arRP for family 1. Sanger sequencing was then used to validate the identified potential disease-causing variants in available family members.
CRB1 mutations in 67 patients with sporadic retinal dystrophies (including families 2-5) were examined with Sanger sequencing. All the exons (exons 1-12) and exonintron boundaries of CRB1 (NM_201253.2) were amplified and sequenced with the primers listed in Table 1 . Sequencing results were analyzed with Sequencher (Gene Codes, Ann Arbor, MI); the identified mutations were further evaluated for segregation in available family members and 100 controls. The possible pathogenicity of missense changes was evaluated using the PolyPhen-2 and SIFT prediction programs. Primer pairs for individual exons were designed using the Primer program. Figure 2 . Evaluation of two novel CRB1 missense mutations. Multiple alignments using Clustal W and amino acid conservation of three novel missense sequence variants were performed. The alignment results showed that cysteine at codon 1154 and glutamic acid at codon 1403 were fully conserved through all species. The predicted effect of the mutation on the protein was estimated with the online prediction programs SIFT and PolyPhen-2, which are shown at the bottom. For each mutation, a high pathogenicity score for the altered amino acid was obtained.
RESULTS AND DISCUSSION
In this study, four pairs of compound heterozygote mutations in the CRB1 gene were identified in four Chinese families. These included c.3460T>A and c.4207G>C (family 1), c.1831T>C and c.3059delT (family 2), c.1576C>T and c.2234C>T (family 3), and c.1429G>A and c.1576C>T (family 4). Among these mutations, three are first reported in this study (c.3059delT, c.3460T>A, and c.4207G>C). The mutation frequency of CRB1 in this study was 5.9% (8/136).
Family 1:
We selected three individuals in family 1 for targeted exome capture. We generated an average of 0.77 Gb of sequence with 228× average coverage for each individual with paired 100 bp reads. The generated sequence covered average 99.0% of the targeted bases with the accuracy of a variant call more than 99%. About 450 variants were identified in each patient with HEDEP analysis. After filtering against exome data from ethnic Han Chinese Beijing available in the 1000 Genomes Project, and against the Han Chinese Beijing SNPs in the dbSNP131, about 20 variants were left. The heterozygous compound changes or homozygous changes in the affected individual but heterozygous changes in his parents were identified as the potential disease-causing mutation. Novel compound heterozygosity for c.3460T>A (p.C1154S) and c.4207G>C (p.E1403Q) in the CRB1 gene was found. Sanger sequencing validation and segregation analysis were performed, which demonstrated that compound heterozygosity for c.3460T>A (p.C1154S) and c.4207G>C (p.E1403Q) was cosegregated with the disease phenotype in this family, and the unaffected family members carried only one mutant allele ( Figure 1A-B) . These two mutations were absent in the 100 normal controls. The CRB1 mutations found in this study are summarized in Table 2 . The two novel missense mutations were perfectly conserved among mammals and yielded a high score for pathogenicity using the online SIFT and PolyPhen-2 prediction programs ( Figure  2 ). The proband and other affected members in the family had complained of night blindness since 20 years old, followed by progressive loss of visual acuity from the third decade of life. Fundus examinations in the 35-year-old proband (II:1) showed attenuation of retinal arterioles, numerous pigment deposits, and RPE degeneration mainly in the temporal quadrant and the posterior pole ( Figure 1C-D) .
The mutation p.C1154S localized to the third cysteine residues of the 15 th EGF-like domain. EGF-like domains typically consist of six cysteine residues that interact with each other by forming disulfide bridges. These stabilize the native fold, which comprises a major and minor β-sheet. Disulfide bridges are formed between the first and third cysteine residues, the second and fourth residues, and the fifth and sixth residues [12] . The mutation p.C1154S affected the formation of disulfide bridges and therefore caused disruption of the protein secondary structure. The mutation p.E1403Q happened in the cytoplasmic region of the CRB1 protein. Previous reports have identified only four mutations in the cytoplasmic region of the CRB1 gene: p.P1381L [13] , p.R1383H [14] , p.R1390X [15] , and c.4121_30del [16] . The cytoplasmic domain was of crucial importance since it has been shown to link CRB homologs to several cytoplasmic proteins, for example, the conserved C-terminal ERLI motif (codon 1403-06) bound to PDZ domains [11] . The novel p.E1403Q amino acid substitution affected a residue that is highly conserved in the ERLI motif, and therefore affected its binding properties with PDZ domains. The heterozygous mutation of p.C1154S and p.E1403Q alone was not diseasecausing. When they coexisted, RP developed. It was assumed that these two mutations disrupted the appropriate assembly and localization of the CRB1 protein.
Families 2, 3, and 4:
Upon complete sequence analysis of the coding and adjacent intronic region of the CRB1 gene in 67 patients with sporadic retinal dystrophy, novel compound heterozygous mutations for c.1831T>C (p.S611P) and c.3059delT (p.M1020SfsX1) were identified in family 2, c.1576C>T (p.R526X) and c.2234C>T (p.T745M) were identified in family 3, and c.1429G>A (p.G477R) and c.1576C>T (p.R526X) were identified in family 4 ( Figure 3) . The patients inherited the two heterozygous mutations from their father and mother, and these mutations were absent in the 100 normal controls. The 7-year-old proband of family 2 had complained of poor vision, photophobia, and nystagmus since he was 1 year old, with severe visual loss (0.01) at this visit.
Fundus examination showed widespread nummular pigment clumps and macula atrophy (data not shown). The 24-year-old proband of family 3 had complained of poor vision, color vision defect, and nystagmus since she was 1 year old, with severe visual loss (0.05 in the right eye and finger counting in the left eye) at this visit. Fundus examination showed widespread nummular pigment clumps admixed with small white spots, but the optic disc appeared relatively normal (data not shown). The 22-year-old proband of family 4 had complained of poor vision since childhood, with severe visual loss (0.02) at this visit. Fundus examination showed numerous nummular pigments admixed with white spots throughout the fundus, and macular degeneration was also observed ( Figure  4 ).
Among the compound heterozygous mutations, one heterozygote was a missense mutation, and the other heterozygote was a mutation resulting in premature termination codons (PTCs). The c.1831T>C (p.S611P) mutation identified in family 2 was first reported by Li et al. in a patient with LCA [17] . The c.2234C>T (p.T745M) mutation identified in family 3 was first reported by den Hollander et al. in a patient with RP [1] , and was further verified by Henderson et al. in patients with early onset retinal dystrophy [13] . The c.1429G>A (p.G477R) mutation identified in family 4 was first reported by Abu-Safieh et al. in a patient with RP recently [18] . The p.S611P and p.T745M mutations localized to the laminin AG-like domain, which have been identified in various proteins and served as protein interaction modules. These mutations have also been predicted to affect calcium binding and protein folding [11, 19, 20] . The mutation p.G477R localized to the 11 th EGF-like domain, which typically consists of six cysteine residues that interact with each other by forming disulfide bridges. The nonsense mutation p.R526X (identified in families 3 and 5) was first reported by Seong in Korean patients with LCA [21] . The nonsense mutation p.R526X and the novel small deletion c.3059delT (p.M1020SfsX1) resulted in truncation proteins without the transmembrane and cytoplasmic domains. According to a previous report, CRB1 mutations bearing PTCs before the last exon behaved as a null allele, resulted in haploinsufficiency as their corresponding mRNA was degraded by nonsense-mediated mRNA decay (NMD) [22] . Therefore, the function loss of CRB1 was the most probable reason in these patients. All patients who carried p.R526X and c.3059delT mutations were diagnosed with LCA. Den Hollander et al. showed that patients with LCA carry CRB1 null mutations more frequently than patients with RP [14].
In summary, we report compound heterozygous mutations of the CRB1 gene in four of 67 Chinese families and showed that mutations in CRB1 accounted for 5.8% of the Chinese patients with retinal dystrophy in this study. Our findings broaden the spectrum of CRB1 mutations and the phenotypic spectrum of the disease in Chinese patients.
